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A series of u,-fluoro-bridged heteronuclear bidentate Lewis acid complexes [K(18-crown-6)THF]* [Fc(BMeF)(SnMe,Cl)F]~
(1-2F), [K(18-crown-6)THF]* [Fc(BMeF)(SnMe2F)F]~ (1-3F), [K(18-crown-6)THF]* [Fc(BMePh)(SnMe,CI)F]~ (2-F),
and [K(18-crown-6)THF]* [Fc(BMePh)(SnMe,F)F]~ (2-2F) (Fc = 1,2-ferrocenediyl) was prepared. Compounds 2-F
and 2-2F were obtained as a mixture of diastereomers, which arise due to the generation of a stereocenter at
boron in addition to their inherent planar chirality. All compounds have been studied in the solid state by single-
crystal X-ray diffraction analysis and by multinuclear NMR spectroscopy in solution. As a result of bridging-fluoride
interactions, tetrahedral boron and distorted trigonal-bipyramidal tin centers are observed. Comparison with the
corresponding monofunctional ferrocenylborates further supports the bridging nature of the fluoride anion. Two-
dimensional exchange spectroscopy °F NMR studies provide evidence for facile intermolecular and intramolecular
fluorine exchange processes. All complexes display reversible one-electron oxidation events at lower potentials
than those of the tricoordinate ferrocenylborane precursors, which is typical of ferrocenylborate complexes.

Introduction materialst'~1* For instance, Gabband co-workers devised

Bi- and multidentate Lewis acids represent an interesting anlsthrIQUIng organoboron bidentate Lewis acid system
class of Lewis acids that has seen a growing interest in recenfA*>*) capable of fluoride complexation with binding
yearst—3 Since their first preparation more than four decades constants that are several orders of magnitude higher than
ago, bidentate Lewis acids have been recognized for theirthose of the monodentate Lewis acid counterp@rs.
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Fluoride-Bridged Bidentate Lewis Acids

Remarkably, Jurkschat and co-workers have reported a seriegnolecule. In general, the entropy change of flexible bidentate

of organotin-based bidentate Lewis acids (eBf) that
cooperatively bind to various nucleophiles and, in some
cases, show a strong preference for fluoride bindiig®
However, simultaneous fluoride binding to boron and tin

Lewis acid systems does not favor the cooperative binding
effect®*?2Hence, the pre-organization of the Lewis acidic
sites of the host molecule is of great importance to the
stability of the “host-guest” complexes, and typically the

centers in reverse chelates has not been reported to dateselectivity also improves with more rigid structures. For

although interaction of a BF fluorine atom with cationic
organotin moieties has been fodhdand a number of

instance 0-phenylene ditirf, o-phenylene dimercur§? and
o-phenylene or 1,8-naphthalene dibotéh Lewis acids

potentially suitable heteronuclear Sn/B receptors have beendisplay a strong tendency for simultaneous binding of

described?
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In addition to the strength of the Lewis acid centers
involved in the complexation process, the affinity toward
nucleophiles is greatly influenced by the structure of the host
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nucleophiles.

Among different architectures of polyfunctional Lewis
acids with a rigid backbone, 1,2-disubstituted ferrocene-based
Lewis acids have attracted our particular intefé&t?8 Their
three-dimensional structure, inherent planar chirality in the
case of systems with two different Lewis acid sites (hetero-
nuclear bidentate Lewis acids), and redox activity distinguish
them from other bidentate Lewis aci#g®3° We have
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Scheme 1. Preparation of Reverse Chelates with Fluotide
Me M F |
By, B';F
(s(rMe 0 4sp—Me [K(18-c-6)THF]*
<F£ Cl" Me dFe> X' Me
1 X=Cl 1-2F
X=F 1-3F
Me pnl|
Bk
Me Sn"/Me [K(18-c-6)THF]*
B:Ph Fe X" Me
ot o >
Fe O g ——n +
A>3 P e
2 B~
@Sn{m [K(18-c-6)THF]*
X=Cl 2-F
X=F 2-2F

a Reagents and conditions: (i) Fb#2F; 1.7 equiv KF, THF, 18-crown-
6, r.t., 48 h. Forl-3F; excess KF, THF, 18-crown-6, 5@, 48 h. (ii) For
2-F; 1.0 equiv KF, THF, 18-crown-6, r.t., 48 h. Faf2F; excess KF, THF,
18-crown-6, 50°C, 48 h.

previously shown that the heteronuclear bidentate ferrocene
based Lewis acid¢ and 2 that feature adjacent organotin
and organoboron Lewis acid sites function in a cooperative
fashion, as evident from their enhanced Lewis acidity
compared with that of the monofunctional Lewis acitig/e

have also demonstrated that the binding of pyridine proceeds

in a regio- and stereoselective manner as a result of
intramolecular interaction between the two Lewis acidic
centers, which is promoted by the halide substituents on
boron. In this work, we expanded our efforts to study the
recognition of anions, particularly the binding of fluoride.
Aided by the strong coupling of fluorine to various NMR-
active nuclei and through X-ray diffraction studies, we have
probed the precise nature of the anion binding process both
in solution and in the solid state.

Results and Discussion

Synthetic Aspects.The synthesis of the heteronuclear
bidentate Lewis acid and2 has been reported previougfy.
Treatment ofl with 1.7 equiv KF in the presence of 18-
crown-6 at room temperature afforded the fluoride complex
1-2Fin ca. 66% yield (Scheme 1). The use of excess KF in
the presence of 18-crown-6 at450 °C led to the exchange
of the tin-bound chlorine for fluorine with the formation of
1-3Fin 65% vyield. Similarly, the treatment @with 1 equiv
and excess KF gave the fluoride comple®eB (71%) and
2-2F (64%), respectively. To explore the consequences of
having two adjacent Lewis acid centers on the fluoride

Boshra et al.

Scheme 2. Preparation of Fluoride Model CompleXes
Me Me\BH‘\F
é e @ ~F
(i) [K(18-c-6)THF]*
Fe _— Fe
& PasorN
3 3-2F
B’Me Me\B.“‘F
v, ~
@ Ph 0 PN K(18co)THRI*
Fe e Fe
& assiN
4 4-F

a Reagents and conditions: (i) Excess KF, THF, 18-crown-6, r.t., 48 h.

excess KF in the presence of 1 equiv of 18-crown-6 at room
temperature (Scheme 2). The fluoride coordination can be
visually observed by a color change from orange-red to
yellow. Unlike the precursors, all compounds synthesized
are air-stable in the solid state for extended periods of time.
The structure of the new complexes was confirmed by
multinuclear NMR spectroscopy, single-crystal X-ray dif-
fraction, and elemental analysis.

Solid-State Structures. Single-crystal X-ray diffraction
analyses ofl-2F, 1-3F, 2-F, 2-2F, and4-F were performed
on light orange crystals obtained from a mixture of THF
and ether at-37 °C. Crystals of3-2F were grown by the

slow evaporation of a solution in GBl,/hexanes. Their
molecular structures are shown in Figures3] and selected
bond lengths and angles for the bidentate Lewis acid
complexes are listed in Table 1. Two independent molecules
with similar geometric parameters and a cocrystallized water
molecule that was also confirmed By NMR spectroscopy
were found in the unit cell for3-2F. One of the main
molecules is shown in Figure 3, and the structure of the other
molecule is displayed in Figure S1 in the Supporting
Information.

General Characteristics.All bidentate Lewis acid com-
plexes feature the fluorine atom in an unsymmetrical bridging
position between the Lewis acidic boron and tin centers. The
heavier chlorine atom in compoun@ls2F and2-F occupies
the terminal rather than the bridging position. This preference
can be explained by invoking the hardoft acid-base
principle that predicts the binding of chloride to be more
favorable to the larger (and softer) tin cen&t: The binding
of fluoride to compound? results in formation of boron-
chiral complexe® with four different substituents on boron
(Figure 2). However, only one of the two possible diaster-
eomers is observed in the solid-state structures of complexes
2-F and2-2F. Interestingly, for comple®2-F, theRg, S, and
S, Ry enantiomer pair with a phenyl group that is positioned
above the Cp plane crystallizes, while tRg R, andSg, S
enantiomer pair is found foR-2F with the phenyl ring
positioned close to the Fe center (the descripiRrand S

binding, we also prepared the corresponding monofunctional
organoboron Lewis acid complexes. The fluoride complexes
3-2F and 4-F were obtained in 58 and 51% vyield, respec-
tively, upon treatment of the Lewis aci@®’ and 4?7 with

10176 Inorganic Chemistry, Vol. 46, No. 24, 2007

(31) Hoefelmeyer, J. D.; Gabhd. P.Chem. Commur2003 712-713.
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Am. Chem. Soc200Q 122 3047. (b) Burgos, C. H.; Canales, E;
Matos, K.; Soderquist, J. Al. Am. Chem. SoQ005 127, 8044
8049.



Fluoride-Bridged Bidentate Lewis Acids

(a) (b)

Figure 1. (a) Molecular structure of [K(18-crown-6) THE[Fc(BMeF)(SnMeCl)F]~ (1-2F) (ORTEP, 50% probability). The THF molecule is disordered
over two positions. (b) Molecular structure of [K(18-crown-6) THIfFc(BMeF)(SnMeF)F]~ (1-3F) (ORTEP, 50% probability). Hydrogen atoms are omitted
for clarity, and only one of the planar chiral enantiomers is shown.

(@) (b)

c18

Figure 2. (a) Molecular structure of [K(18-crown-6)THF[Fc(BMePh)(SnMgCI)F]~ (2-F) (ORTEP, 50% probability). (b) Molecular structure of [K(18-
crown-6)THF]" [Fc(BMePh)(SnMegF)F]~ (2-2F) (ORTEP, 30% probability). Hydrogen atoms are omitted for clarity, and only one of the planar chiral
enantiomers is shown.

refer to the central chirality at boron aftj and $ refer to For 1-2F and1-3F, the bent angles toward Fe average®3.8
the planar chirality). The monofunctional boraté= forms and for the phenyl-substituted spec24 and 2-2F, bent
aracemate and crystallizes in the achR2(1)/c space group  angles of 3.6and 6.3 are realized, respectively, where the
with the phenyl ring pointing away from the ferrocene moiety boryl groups point away from the iron center. The latter is

(Figure 3). likely a result of steric congestion upon the tetracoordination

Boron Enwronment. Coo'rdlnatlon of the fluoride anion of boron and also observed for the monofunctional complex
to boron results in elongation of the €B (Cp = cyclo- 4F (180° — Cpeen—C(1)-B(1) = 3.3))
pentadienyl) bond as a result of the change to th& sp Peent e
hybridization on boroi®2* The Cp-B bond distances for Two fluorine atoms are attached to boronZir2F and
1-2F, 1-3F, 2-F, and2-2F range from 1.605(4) to 1.619(10)  1-3F, one of which is in a bridging position ¢ and pointing
A and are thus significantly longer than those of the downward toward tin, while the other one is pointing
precursorsl and 2, which average 1.529 A. Additionally,  gownward but away from tin. The -BF distances for the
the bending of the boryl group toward iron, measured a$ 180 ,orine atoms that point toward tin{2F, 1.500(3) A;1-3F,

~ CheenrC(2)-B(1), is less pronounced than that for the 1.492(3) A) are significantly longer than the terminatB

starting materla}l or completely absent. For the free atids distances 1-2F, 1.435(4) A: 1-3F, 1.443(3) A) and also
and 2, the relatively large bent angles of 13.8nd 12.2, g .
longer than the BF distance for the monofunctional

respectively, can be attributed to a delocalized interaction A
of the electron-rich iron center and the electron-deficient flUoroborate3-2F (average 1.451 A). For complex2s-and

boron via the Cp ring, as recently shown by Wagner ¢ al. 2-2F, B—F distances of 1.530(3) and 1.530(9) A, respec-
tively, are observed. Again a distinct impact of the adjacent

(33) Aldridge, S.; Bresner, Goord. Chem. Re 2003 244, 71-92. tin center is evident from comparison with the-B bond
(34) Scheibitz, M.; Heilmann, J. B.; Winter, R. F.; Bolte, M.; Bats, J. W.; . . .
Wagner, M.Dalton Trans.2005 159-170. distance in the monofunctional compléxF (1.474(3) A).

(35) Scheibitz, M.; Bolte, M.; Bats, J. W.; Lerner, H.-W.; Nowik, I.; Herber, i i i _
R. H.: Krapp, A Lein. M.. Holthausen, M. Wagner, MEhem - The even longer distances in comparisori{dF and1-3F

Eur. J. 2005 11, 584-603. may be attributed at least in part to the lower Lewis acidity
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(a) (b)

Figure 3. (a) Molecular structure of one of the two independent molecules of [K(18-crowrf&{BMeF)F] (3-2F) (ORTEP, 50% probability). Hydrogens
and a cocrystallized water molecule are omitted for clarity. Selected bond lengths (A) and angles (deg)C(B(1)622(4), B(13C(11) 1.606(5), B(1y

F(1) 1.433(3), B(1)F(2) 1.464(3), F(1yK(1) 2.8931(17), F(2rK(1) 2.6449(18), F(1)yB(1)—C(1) 110.2(2), F(1}B(1)—C(11) 111.8(2), F(2yB(1)—
C(11) 108.1(3), F(2yB(1)—C(1) 108.5(2), F(1yB(1)—F(2) 103.8(2), C(1)yB(1)—C(11) 113.9(2), B(1}F(1)—K(1) 94.97(14), B(1)F(2)—K(1) 105.22(15).

(b) Molecular structure of [K(18-crown-6)][Fc(BMePh)FT (4-F) (ORTEP, 50% probability). Hydrogens are omitted for clarity. Selected bond length (&)
and angles (deg): B(})C(1) 1.629(4), B(1)C(11) 1.631(4), B(1)C(17) 1.630(4), B(LyF(1) 1.474(3), K(1) F(1) 2.5695(16), F(1)B(1)—C(1) 107.5-

(2), F(1)-B(1)—C(11) 107.4(2), F(1yB(1)—C(17) 108.7(2), C(1yB(1)—C(11) 108.0(2), C(:yB(1)—C(17) 113.2(2), C(11B(1)—C(17) 111.8(2), B(1y
F(1)-K(1) 130.13(15).

Table 1. Selected Bond Lengths (A), Interatomic Distances (A), and Angles (ded)-25 1-3F, 2-F, and2-2F

1-2F 1-3F 2-F 2-2F
Sn(1)-CI(1)/F(3) 2.4313(6) 2.0095(13) SnELI(1)/F(2) 2.4346(9) 2.013(4)
Sn(1)-C(1) 2.099(2) 2.096(2) Sn(#IC(1) 2.101(3) 2.082(6)
Sn(1)-C(12) 2.132(3) 2.121(2) Sn()C(18) 2.126(3) 2.123(7)
Sn(1)-C(13) 2.127(3) 2.127(2) Sn(&)C(19) 2.120(3) 2.116(6)
B(1)—C(2) 1.615(4) 1.609(3) B(HC(2) 1.605(4) 1.619(10)
B(1)—C(11) 1.608(4) 1.606(3) B(HC(17) 1.613(4) 1.632(10)
B(1)—F(2) 1.435(4) 1.443(3) B(HC(11) 1.634(4) 1.609(11)
B(1)—F(1) 1.500(3) 1.492(3) B(HF(1) 1.530(3) 1.530(9)
Fe(1)--B(1) 3.285 3.265 Fe(1)B(1) 3.355 3.394
Sn(1)--F(1) 2.588(2) 2.642(1) Sn()F(1) 2.420(2) 2.379(4)
C(1)-Sn(1)-C(13) 123.05(11) 122.03(11) C@pn(1)-C(19) 122.11(12) 120.3(3)
C(1)-Sn(1)-C(12) 115.43(10) 116.08(11) C@pn(1)y-C(18) 118.19(11) 113.6(2)
C(12)-Sn(1)-C(13) 115.01(11) 114.72(12) C(18Bn(1)-C(19) 114.99(13) 120.4(3)
C(13)-Sn(1)-CI(1)/F(3) 98.73(8) 99.01(9) C(19)8n(1)y-CI(1)/F(2) 98.82(10) 97.5(2)
C(1)-Sn(1)-CI(1)/F(3) 96.06(7) 97.53(7) C(HSn(1)-CI(1)/F(2) 95.45(8) 99.9(2)
C(12)-Sn(1)-CI(1)/F(3) 100.98(8) 100.60(10) C(18Bn(1)-CI(1)/F(2) 97.54(8) 96.4(3)
F(1)-Sn(1)-CI(1)/F(3) 169.66(3) 170.49(5) F@Sn(1)-CI(1)/F(2) 171.11(4) 175.21(15)
C(2-B(1)—-C(11) 115.4(2) 115.68(18) C(EB(1)—-C(11) 111.2(2) 118.1(6)
C(2)-B(1)—F(2) 112.1(2) 111.75(17) C(2B(1)—C(17) 116.3(3) 110.8(6)
C(11)-B(1)-F(2) 110.4(2) 109.45(18) C(11B(1)—C(17) 110.0(2) 110.4(6)
F(1)-B(1)—F(2) 104.4(2) 104.76(18) C(2B(1)—F(1) 103.6(2) 104.5(5)
F(1)-B(1)—-C(2) 105.27(19) 105.23(18) C(17#B(1)—-F(1) 108.1(2) 105.9(6)
C(11>-B1-C(2) 115.4(2) 115.41(19) C(11B1-F(1) 107.0(2) 106.1(6)
Cp staggering angle 35.6 32.6 Cp staggering angle 17.6 12.6
180— Cpcen—C(2)—-B(1)? 3.9 (dn) 3.7 (dn) 180- Cpcen—C(2)—B(1)2 3.6 (up) 6.3 (up)
180— Cpcen—C(1)—Sn(1} 4.0 (dn) 3.6 (dn) 186- Cpcenc—C(1)—Sn(1} 5.7 (dn) 6.4 (dn)

aThe position of the boryl group relative to the Cp ring is indicated as “dn” for bending toward Fe and as “up” for bending away frorecfregf€rs
to the centroid of the substituted Cp ring.

of the boron centers in the presence of a phenyl substitu-calculated for % THC range from 70.2%-2F) to 73.4%

ent as opposed to an additional fluoride ligandLi@F and (1-3F) for the fluoride complexes of the bidentate Lewis acid

1-3F. complexes. This stands in sharp contrast to an estimated 84
The tetrahedral character at boron has been defined in theand 86% for the monofunctional complex@2F and 4-F,

literature as % THC= [(120° — X)/(120° — 109.5)] x respective|y.

100%, whereX is the average angle between the three boron

substituents already present in the free &ifihe values The B-F bond elongation for the bidentate Lewis acid

complexes indicates a significant interaction with the adjacent
(36) (a) Toyota, S.; Oki, MBull. Chem. Soc. Jpri992 65, 1832-1840. tin center, which leads to weakening of the-B bond, and
(b) For a review that discusses the tetrahedral character of boron js f;1ther reflected in the structural distortions as seen from

compounds and an alternative analysis, seépfkbl. J. Organomet. . )
Chem.1999 581, 129-149. the lower tetrahedral character in comparison to the mono-
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functional borate complexes. However, the-B, bond

literature data, the terminal Sti; distances ir1-3F (2.0095-

distances for all compounds are considerably shorter than(13) A) and2-2F (2.013(4) A) are fairly short, which clearly

the B—F distances in those complexes, in which fluoride is
equidistant to both boron Lewis acid sites or almost so.
Examples include HerbericK&diborylcobaltocenium com-
plex Co[GHa(BiPr)]»(u-F) with 1.641(4) A and Gabbat>
naphthalenediborane systenwith 1.585(5) and 1.633(5)
A.

Tin Environment. All complexes adopt monomeric
structures in the solid state. In particul&r3F and2-2F do
not show any significant intermolecular Stf interactions.
The latter is unusual in that triorganotin fluorides typically
aggregate to form polymeric structures through bridging
fluorines®” In rare cases, dimeric species are observed with
a fluorine atom in the bridging positioi,and monomeric
structures are only realized with exceptionally bulky sub-
stituents on tin, as for example, in MESF®*°(Mes= 2,4,6-
CsHz2Mes) and ((SiMe)sC)PhSnF#! In our complexes, the
Sn—F; (k. = terminal fluorine) bond distances are slightly
longer than those reported for typical monomeric triorganotin
fluorides. For example, the St bond distances fot-3F
and2-2F amount to 2.0095(13) and 2.013(4) A, respectively,
while for monomeric MesSnF#° distances of 1.957(4) and
1.965(4) A were found for two independent molecules in
the unit cell. The SrrF; elongation is attributed to the effect
of binding of the bridging fluorine in the trans position at
tin. A similar elongation is also observed for the terminal
Sn—Cl bonds of1-2F and 2-F (average of 2.433 A; fol
and2, average of 2.403 A). However, the effect is relatively
small when considering that the S@I distances for the
almost symmetric bidentate Lewis acid complexCsH;-
(SnCIMe)2F]~ (B) amount to 2.532(2) and 2.608(2)¢A.

shows that the interaction is relatively weak and that the
fluoride is much more strongly bound to boron than tin. A
similar situation has been observed, for example, in [(acac)
(7-CsMes)Zr(u-F)SnMeCl] (acac= acetylacetonato), which
features an asymmetric ZF---Sn bridge (Zr-F = 2.030-
(2) A, Sne-Fp, = 2.462(2) A)% Our observations contrast
the nearly symmetric bridging between two organotin centers
in [0-CsHa(SNCIMe)F]~ (B) with Sn—F distances of 2.139-
(3) and 2.213(3) A.

Influence of B and Sn Substituents on Fluoride Bridg-
ing. It is noteworthy that the SaF,, bond distances df-2F
and1-3F (average 2.6 A) are significantly longer than those
of 2-F and 2-2F (average 2.4 A). This likely is a direct
consequence of the stronger binding of fluoride to boron in
the difluoroborate complexes-2F and 1-3F, which leads
to shorter B-F distances as already discussed above. Another
factor that may influence the Sty bond distance, albeit
to a smaller degree, is the nature of the halide atom in trans
position to the fluoride bridge. Compl&<2F, with a terminal
fluorine atom, shows a significantly shorter -Sk,, bond
distance of 2.379(4) A in comparison with that of the
analogous complef-F with a terminal chlorine (2.420(2)
A). This difference could be a consequence of the enhanced
Lewis acidity of the tin centet®4” However, variations in
the orientation of the BF---Sn bridge relative to the Cp
ring as discussed below are more likely to be responsible
for the differences in the SnF, distances observed f@rF
and 2-2F. Indeed, complexe$-2F and 1-3F with Sn—Fy,
bond distances measuring 2.588(2) and 2.642(1) A, respec-
tively, show the reverse trend. Such a “reverse” trend has

The distances between tin and the bridging fluoride range peen reported previously and attributed tp—p, back-

from 2.42 to 2.64 A in our complexes. A literature survey
of bridging Sn--F contacts in organotin fluoride aggregates

donation from the halogen to the tin centérFinally,
interactions with the potassium counterion and crystal

shows a wide range of distances. Apart from a few reported packing effects could also to some degree impact the

exceptions/“#2polymeric triorganotin fluorides display one
short and one longer St distance. For example, in Me
SnF the SAF bond distances measure 2.2 and 28 hile
those for the bulkiecyclo-Hex;SnF amount to 2.176(6) and
2.303(10) A% Less-symmetric bridging with StF distances

of 1.997(3) and 2.842(3) A was reported for the dimeric
MensSnF (Men = menthyl)3® Hence, the Sn-F, bond
distances in our complexes are within the typical range of
intermolecular Sn-Fy, bridges, consistent with the formation
of B—F---Sn bridges. However, in comparison to the

(37) Beckmann, J.; Horn, D.; Jurkschat, K.; Rosche, F.;"8ohan, M.;
Zachwieja, U.; Dakernieks, D.; Duthie, A.; Lim, A. E. Eur. J. Inorg.
Chem.2003 164-174.

(38) Beckmann, J.; Dakternieks, D.; Duthie, @rganometallic2005 24,
773-776.

(39) Reuter, H.; Puff, HJ. Organomet. Chenl989 379 223-234.

(40) Beckmann, J.; Dakternieks, D.; Duthie, A.; Tiekink, E. R.JI.
Organomet. ChenR002 648 204-208.

(41) Al-Juaid, S. S.; Dhaher, S. M.; Eaborn, C.; Hitchcock, P. B.; Smith,
J. D.J. Organomet. Chenml987 325 117-127.

(42) Tudela, D.; Gufirez-Puebla, E.; Monge, Al. Chem. Soc., Dalton
Trans.1992 1069-1071.

(43) Clark, H. C.; O'Brien, R. J.; Trotter, J. Chem. Socl1964 2332-
2336.

(44) Tudela, D.; Fernadez, R.; Belsky, V. K.; Zavodnik, V. El. Chem.
Soc., Dalton Trans1996 2123-2126.

Srr--Fy,r distances of the individual complexes.

Angles at Tin. All complexes display a distorted trigonal-
bipyramidal geometry at tin, an arrangement that is com-
monly seen in pentacoordinate triorganodihalo stanrfates.
There are several methods to quantitatively assess the degree
of pentacoordination. The percent pentacoordination (%
TBP),* defined as % TBR; = [(120° — Avgey)/(120° —

(45) Murphy, E. F.; Yu, P.; Dietrich, S.; Roesky, H. W.; Parisini, E.;
Noltemeyer, M.J. Chem. Soc., Dalton Tran996 1983-1987.

(46) Tamao, K.; Hayashi, T.; Ito, Y.; Shiro, Mdrganometallics1992 11,
2099-2114.

(47) (a) Dostal, S.; Stoudt, S. J.; Fanwick, P.; Sereatan, W. F.; Kahr, B.;
Jackson, J. EOrganometallicsl993 12, 2284-2291. (b) Bares, J.;
Novak, P.; Nalvorrik, M.; Jambor, R.; Lbl, T.; Cisaroval.; Ruzicka,

A.; Holecek, JOrganometallic2004 23, 2967-2971. (c) Varga, R.
A.; Rotar, A.; Schiamann, M.; Jurkschat, K.; Silvestru, &ur. J.
Inorg. Chem.2006 1475-1486.

(48) (a) Kolb, U.; Diger, M.Organometallicsl991, 10, 2737-2742. (b)
Bajue, S. A.; Bramwell, F. B.; Charles, M.; Cervantes-Lee, F.; Pannell,
K. Inorg. Chim. Actal992 197, 83-87.

(49) (a) Sau, A. C,; Carpino, L. A;; Holmes, R. R.Organomet. Chem.
198Q 197, 181-197. (b) Colton, R.; Dakternieks, Dnorg. Chim.
Acta 1988 148 31—-36. (c) Gingras, M.; Chan, T. H.; Harpp, D. N.
J. Org. Chem199Q 55, 2078-2090. (d) Kolb, U.; Beuter, M.; Diger,

M. Inorg. Chem1994 33, 4522-4530. (e) Rippstein, R.; Kickelbick,
G.; Schubert, Ulnorg. Chim. Actal999 290, 100-104.
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Figure 4. lllustration of the orientation of the BF---Sn bridges relative to t

Figure 5. Extended Structure of-F.

Table 2. Geometric Parameters Used to Evaluate the
Trigonal-Bipyramidal Character at Fin

1-2F 1-3F 2-F 2-2F 1 2
Z0eq 3535 3531 355.2 3543 3506 351.9
AVQeq 117.8 117.7 1184 1181 116.8 117.3
Z0ax 2958 2971 2919 293.8 3009 298.7
AvQax 98.6 99.0 97.3 97.9  100.3 99.6
% TBPRegq) 79.4 78.2 85.0 81.9 70.2 74.3
Z0eq— ZOax 57.7 55.6 63.4 60.5 49.7 53.2

a3 Oeqis the sum of the equatorial-to-equatorial ange8ax is the sum
of the equatorial-to-axial angles, Axgs the average of the equatorial-to-
equatorial angles, and Axgs the average of the equatorial-to-axial angles.
% TBPreq) = [(120° — Avged/(120° — 109.5)] x 100%%6

109.5)] x 100%, where Avg, is the average of the

Boshra et al.

he Cp planes.

dinate borort® However, for the free acidé and 2, this
interaction results in significantly lower % TBP values of
only 70.2 and 74.3%, respectively. Also, fbrand 2, Z0q

— 20 is smaller with 49.7 and 53.2, respectively, and
the Sn atom displacement of 0.3810 A fband 0.3523 A

for 2 is larger. We conclude that interactions of tin with the
substituents of tricoordinate boron are far less pronounced
than those with fluoride in the fluoroborate complexes
described here.

Orientation of the B—F---Sn Bridge Relative to the Cp
Ring. The torsion angle between the-B vector and the
Cp ring (defined by B(1)F, and C(1)-C(2)) of 1.8 for
2-2F is surprisingly different from those for the other three
complexes{-2F17.9, 1-3F 16.#, 2-F 13.7) as illustrated
in Figure 4. This indicates that differences in the orientation
of the boron substituents relative to the Cp plane play an
important role. Fo2-2F, positioning of the Ph group below
the Cp ring allows for a conformation in which the Ph group
shows r interactions with the unsubstituted Cp ring. In
contrast, the Me group i-F avoids steric interactions with
the free Cp ring through slight rotation about the-
bond®° As a likely consequence, the Stir, distance ir2-2F
is shorter than that i2-F despite a similar B'F distance
for both compounds.

Interaction of K * with Halide Substituents. All four

equatorial-to-equatorial angles, the difference between thepiqentate Lewis acid complexes show interactions of the

sum of the equatorial-to-equatorial and the sum of the
equatorial-to-axial angleszf@.q — 264 and the tin atom
displacement from the center of the trigonal pyraiwigtre
chosen as probes (Table 2). The % T&Hor complexes
1-2F and 1-3F is similar and averages 79%, while the %
TBPeq found for 2-F and 2-2F averages 83%. This slight
increase reflects the stronger interaction gf ik 2-F and
2-2F as discussed above. A similar trend is evident from
theZ0eq — Z0ax values, which for complexel-2F and1-3F
average 57 and for 2-F and 2-2F average 62 (for ideal
tetrahedral geometr¥f.q — =60 = 0°; for ideal trigonal-
bipyramidal geometrgfeq — Z02 = 90°). Finally, the Sn-
(1) displacement in the direction of the substituent X=X
F, Cl) is 0.3141 and 0.3289 A fat-2F and 1-3F, respec-
tively, relative to the equatorial plane defined by C(1), C(12),
and C(13). Considerably smaller displacements of 0.2672
and 0.2905 A are observed farF and 2-2F.

We have previously shown that the tin centerd iand2
also assume pseudo-trigonal-bipyramidal geometry due to
the weak intramolecular interaction of tin with a chlorine
and a phenyl substituent, respectively, attached to tricoor-
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halide substituent(s) on tin or boron with the [K(18-crown-
6)THF]" counterions. Ir2-F and2-2F, the K" ion is bound

to six 18-crown-6 oxygen atoms, one THF oxygen, and a
terminal halide substituent on tin giving rise to octacoordinate
potassium. The K(3)-Cl(1) and K(1)--F(2) contacts of
3.0250(11) and 2.579(4) A, respectively, are considerably
shorter than those found in the salt structures of KCI and
KF (3.15 A for KCl and 2.67 A for KFf! The situation is
rather different foll-2F and1-3F, in which the countercation
simultaneously interacts with both boron-bound fluorine
atoms, giving rise to nonacoordinate potassirmterest-

(50) There are no significant differences in the chemical shifts observed
in solution that would correspond to the observed torsion angles
measured in the solid state; the latter is in agreement with the presence
of both possible B-chiral enantiomers in solution.

(51) Cotton, F. A.; Murillo, C. A.; Bochmann, MAdvanced Inorganic
Chemistry,6th ed; Wiley-Interscience: New York, 1999.

(52) Examples of the coordination of fluoroborates to [K(18-crown-6)]
via multiple fluorine atoms: (a) Groux, L. F.; Weiss, T.; Reddy, D.
N.; Chase, P. A.; Piers, W. E.; Ziegler, T.; Parvez, M.; Benet-Buchholz,
J.J. Am. Chem. So@005 127, 1854-1869. (b) Fei, Z.; Zhao, D;
Geldbach, T. J.; Scopelliti, R.; Dyson, PELr. J. Inorg. Chem2005
860—-865.
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Table 3. Comparison of NMR Data fot-2F, 1-3F, 2-F, 2-2F, 3-2F, and4-F in CDsCN at 25°C

isome S(H1B) (W) (18, 19F) 5(11%n) J(1%Sn, 19F) O(1%F) J(9F, 1°F)
1-2F 10.5 (200) 42.5 (dd) 154 —133.3 (br)
99 Fu —134.4 (br)
1-3F 9.9 (230) 46.2 (ddd) 2064 —189.3 (pst) 19.3
152 Ry ~133.7 (br)
93 F(||) —135.3 (br)
2-F A 5.9 (300) 27.7 (d) 344 —171 (br)
B 5.9 (300) 25.7 (d) 365 —168 (br)
2-2F A 6.3 (190) 30.8 (dd) 2038 —184.2 (d pst) 51.7
342 Ron ~171.6 (br)
B 6.3 (190) 26.6 (dd) 2046 —183.5 (d pst) 51.7
372 Rpy) —169.8 (br)
3-2F 8.1 (160) 76 (1) —142.4 (g, 76)
4F 2.4 (140) 71 (d) ~189.0 (q, 71)

aThe isomer designations A and B are arbitrary and have not been correlated with the actual structures.

ingly, the K—F(1) (bridging fluorine) bond distance for both
complexes (average 2.853 A) is significantly longer than the
average K-F(2) distance of 2.746 A to the terminal fluorine.
Also noteworthy is the significantly longer bond distance
(weaker interaction) of potassium to THF1R2F and1-3F
with K(1):+O(7) averaging 2.869 A compared with an
average of 2.783 A fo2-F and2-2F.5 Moreover, the THF
molecule in1-2Fis disordered over two positions, only one
of which allows for bonding to potassium. The weaker
binding of THF is most likely related to the simultaneous
coordination of potassium to two fluorine atomsli2F and
1-3F

Complexes3-2F and 4-F crystallize without THF, and
3-2F contains a cocrystallized water molecule in the lattice,
which is not coordinated to K but hydrogen bonded to one
fluorine atom of each of the two independent main molecules.
For 3-2F, unusually short K-F bond distances of K(%)
F(2) = 2.6449(18) A and K(BF(1) = 2.8931(17) A are
found instead. Moreover, the K ion displacement from the
plane defined by O(£)O(6) toward the fluoride substituents

the broad nature of the resonances does not allow the
resolution of individual signals for the isomers. We have
previously observed a similar behavior for complexes of
compound2 with pyridine derivatives as neutral nucleo-
philes?” Integration of théH NMR spectra oR2-F and2-2F
indicates that the diastereomers exist in a 1:1 ratio in
solution®

Boron NMR Data. TheB NMR signals range from 9.9
to 10.5 ppm for the compounds that feature a BMedroup
(1-2F and 1-3F) and from 5.9 to 6.3 ppm for those with a
BMePhF group on ferrocene2¢F and2-2F). These values
are consistent with tetracoordinated fluoroborate spe&ties
but reveal a distinct downfield shift relative to the mono-
functional complexes 3-2F, 8.1 ppm; 4-F, 2.4 ppm).
Compared with symmetrically fluorine-bridged boron-based
bidentate Lewis acid¥;3%5" however, this downfield shift
is small.

Tin NMR Data. The!'*Sn NMR spectra feature one signal
for complexesl-2F and 1-3F (Figure 6) but two separate
signals for the different diastereomers of complezdsand

measures 0.8816 A, which is greatly increased compared with2-2F (Figure 7). A relatively large upfield shift of thé°Sn

those of complexed-2F and 1-3F with displacements
measuring 0.5441 and 0.4809 A, respectively. Compkex
also displays an unusual coordination environment for K

NMR resonances from 90 ppm for the free atitb 42 ppm
for 1-2F and from 102 ppm foR to 27.7/25.7 ppm for the
two diastereomers &f-F suggests that the fluoride is indeed

with short contacts to the para and meta carbon atoms ofcoordinating to tin. Similar chemical shifts are also observed

the phenyl ring of an adjacent molecule-(kC, = 3.373 A
and K--C, = 3.490 A), which effectively leads to the
formation of a polymeric chain in the solid state, as illustrated
in Figure 5%*

Solution Structures. The presence of NMR-active tin,

for the fully fluorinated complexe&-3F and 2-2F.

An important finding from previous studies by Jurkschat
and others is that the typical coupling constah{*°Sn, %)
values of terminal fluorides (St) are about 2100 Hz, while
those for bridging fluorides (SaF,+++Sn) amount to about

boron, and fluorine atoms offers a convenient spectroscopichalf of that value'®5859The presence of two diastereotopic

handle for further examination of the extent of bridging-
fluoride interactions in solution. A summary &¥Sn, *°F,
and B NMR data is presented in Table 3. Two sets of
signals are observed for the two diastereomerg-6fand
2-2F in all spectra, except for theB NMR spectra, where

(53) Complex1-2F features a disordered THF molecule, which in one
position shows a relatively long K(%)O(7) bond distance of
2.919(6) A and in the other position does not coordinate to K at all.
The disordered THF molecule is located in channels along the
crystallographica axis. The THF molecule in compleX-2F is also
only loosely bound and can be easily removed under vacuum as
confirmed by elemental analysis.

(54) Brauer, D. J.; Brger, H.; Hibinger, R.; Pawelke, &Z. Anorg. Allg.
Chem.2001, 627, 679-686.

fluorine atoms on boron id-2F results in the splitting of
the 11%Sn NMR signal into a barely resolved doublet of
doublets with coupling constants of 99 and 154 Hz (Figure
6). The''®Sn NMR spectrum ofl-3F displays an eight-line

(55) Even though solution studies unequivocally show the presence of two
distinct diastereomers f&-F and2-2F, only one isomer was found
in the solid state.

(56) Yamaguchi, S.; Akiyama, S.; Tamao, K. Am. Chem. SoQ001,
123 11372-11375.

(57) Williams, V. C.; Piers, W. E.; Clegg, W.; Elsegood, M. R. J.; Collins,
S.; Marder, T. BJ. Am. Chem. S0d.999 121, 3244-3245.

(58) Kolb, U.; Drayer, M.; Dargatz, M.; Jurkschat, KOrganometallics
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Figure 6. 119Sn NMR spectra of.-2F and 1-3F in CDsCN.
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Figure 7. 119Sn NMR spectra oR-F and 2-2F in CDsCN. Signals for

different diastereomers are labeled as A and B.

spectral pattern consistent with an AXX' spin systent?
The large coupling constant of 2064 Hz is assigned to
coupling with the terminal tin-bound fluorine, while the
smaller’®*sn—1°F coupling constants of 93 and 152 Hz are
similar to those found foll-2F and hence are attributed to
coupling with the boron-bound fluorine atoms. Similarly
complex spectra are observed i and 2-2F due to the
presence of two diastereomers (Figure 7). The two isomers
of 2-F give rise to two separate doublets wit¥Sn—1°F
coupling constants of 344 and 365 Hz, respectively. The
119510 NMR spectrum o-2F displays two sets of doublets
of doublets with large couplings of 2038 and 2046 Hz,
respectively, and smaller couplings of 342 and 372 Hz.
Again, the larger splittings are due to coupling to the terminal
fluorine atoms, while the smaller splittings are attributed to
coupling to the bridging fluorine atoms. The most striking
observation is that the coupling to the boron-bound fluorine
atoms is much larger fa2-F and2-2F in comparison with
that for1-2F and1-3F. This indicates stronger tirfluorine
interaction and is consistent with the X-ray results discussed
above. In all cases, the Sr, coupling is considerably
weaker than that in symmetric ditin complexes such as
[0-CeH4(SNCIMe),F]~ (1100 Hz)®

Fluorine NMR Data. The'®F NMR spectra ofl-2F and
1-3F consist of two broad signals in the range fremi33
to —136 ppm for the diastereotopic boron-bound fluorine
atoms with an additional pseudotriplet fbi3F that is upfield
from the other signals at189 ppm and shows unresolved
tin satellites. This signal is assigned to the terminal tin-bound
fluorine atom. The®®F NMR spectra fo2-F and 2-2F also
display two broad®F NMR signals in the range from168
to —172 ppm, and foR-2F, two additional sharp doublets
at—183.5 and-184.2 ppm with &°F—°F coupling constant
of 52 Hz and well-resolved Sn satellites are found (see Figure
9). The signal doubling in the case @fF and 2-2F is
attributed to the presence of two diastereomers. The coupling
constants for the tin satellites are in the range from 1950 to
2050 Hz, consistent with tin-bound terminal fluorines, and

(60) Macomber, R. SA Complete Introduction to Modern NMR Spectros-
copy, 1st ed; Wiley-Interscience: New York, 1998.
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Figure 8. Methyl region of thelH NMR spectrum of2-F in CDsCN.
Signals for different diastereomers are labeled as A and B.

match those derived from tHé°Sn NMR spectra. ThéF
NMR shifts of Ry are in the range typically also observed
for fluoride anions bridging two boron centéf$’

Proton NMR Data. The room-temperaturéH NMR
spectra of all compounds were acquired in CN and
exhibit the expected resonances for 1,2-disubstituted fer-
rocene specie¥:?’ However, somewhat broadened signals
are observed, particularly toward the low-frequency end of
the spectra fol-2F and1-3F. Most informative is the methyl
region of the!H NMR spectra. Two SrMe resonances for
the diastereotopic Me groups and one-le signal are
observed fod-2F and1-3F, while compound®-F and2-2F
display two sets of each of these signals due to the presence
of two diastereomers (Figure 8).

The change from tetra- to pentacoordinate tin is typically
associated with an increase in th€°Sn) coupling constants
to the ligands becoming equatorial and a decrease id the
(*1°Sn) couplings to the ligands becoming axfalhe Sn-

Me signals forl-2F show tin satellites with average coupling
constants)(*17115n—1H) of 63 and 68 Hz, while those for
1-3F are slightly larger with 66 and 69 Hz. These coupling
constants are significantly larger than those of the precursor
1 (60/63 and 63/66 Hz). Similarly, examination of the
17nisn satellites for the SAMe groups for2-F and 2-2F
reveals an increase of tl¢"111%5n—1H) coupling constant

to ca. 63/66 Hz for one of the methyl groups and to 68/72
Hz for the second methyl group, compared with 57/60 and
61/64 Hz for 2. Thus, the'H NMR spectral data are
consistent with significant SrF,—B interactions that lead

to a pseudo-trigonal bipyramidal geometry at tin. These
observations further suggest that the solution structures
closely resemble those determined for the solid state by X-ray
crystallography.

Solvent Effects and Dynamic Processes in Solutiofihe
H, °F, and °Sn NMR spectra are strongly solvent,
concentration, and temperature dependent. For instance, a
more dilute’™ NMR spectrum of1-2F in C¢Ds at 25°C
shows considerably sharper peaks compared with the spec-
trum recorded in CECN. Different solvents also impact the
F and'°Sn NMR characteristics. Compourid3F, for
example, shows a downfield shift of tA€Sn NMR signal
from 46 to 75 ppm in €Dg and a concurrent upfield shift
for the 1% NMR signal of Fto —202 ppm (vs—189 ppm in
CD:CN). Most importantly, a decrease in th@*°Sn—1%F,,)
value from an average of 122 to 47 Hz suggests weakening
of the Ry+--Sn interaction.

Signal broadening in théH NMR spectra indicates a
dynamic process in the intermediate to fast exchange range
of the 'H NMR time scale, which must be related to intra-
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F:B FA be exploited to follow the binding process and to study the
electronic structure of the resulting complexes by cyclic
u voltammetry (CV)'228¢34|n CH,Cl/BusNPF; as the sup-
JU\ MJJ‘ porting electrolyte, reversible one-electron oxidation pro-
I cesses were observed for all complexes with half-wave
% «" L asso potentials 0of—0.37 (-2F), —0.35 (1-3F), —0.45 @-F), and
b I —0.50 V @2-2F) recorded versus the ferrocene/ferrocenium
F-B ce I couple. The fact that the complexes are in all cases more
- 1800 readily oxidized than the tricoordinate ferrocenylborane
precursors 1, +0.32 V; 2, +0.16 V in 0.05 M a,a,a
trifluorotoluene/BuN[B(CesFs)4]) is consistent with tight
fluoride binding to boron, which has been shown to render
boryl substituents strongly electron-donatii§®

[R}

~ -175.0

A = o © " I
ForA D ‘ : L -170.0

o o [N i .
F,B <‘ : I Summary and Conclusion
L ppm (t1)

om@ 0 mso w0 w0 The heteronuclear bidentate Lewis aciieind 2 were
Figure 9. 19F—19F 2D-EXSY NMR spectrum of compour@i2F in CDs- found to readily form complexes with fluoride. The coor-
CN; mixing time 600 ms. dination of the anion affects both the boron and tin centers,
dlor i lecul h ¢ fluoride i | pyramidalizing the former while imposing pseudo-trigonal-
andfor intermolecular exchange of fluoride ions. Complex ;2 midal geometry on the latter. Solid state and solution

2-2F, with both terminal and bridging fluorines, offers an a5 indicate stronger binding of the fluoride anion to the
excellent opportunity to smultanepusly ObSQFV‘? these ex- boron center and only weak to moderate interactions with
change processes. We have carried out a series of 'o0Mihe tin center. A careful comparison of the individual

919 _ 1,62 p— _di i . .
temperafuré®F—1% 2D-EXSY?1S4(2D = two-dimensional) - ¢ompounds with respect to their structural parameters from
experiments at various mixing times,(= 01300 ms) 0 5y analysis and their NMR spectroscopic data, in

examine the effect of mixing time. We found the exchange . icylar an evaluation of tHé®Sn—19F coupling constants,
processes to be virtually undetected at mixing times Sma”erindicates relatively stronger S, interactions for com-
than 300 ms. The intensity matrices obtained by integration plexes2-F and 2-2F in comparison to those of-2F and

of the cross-peaks (off-diagonal peaks) at 300, 600, and 1300 3¢ 15 suggests that a truly bridging situation of fluoride
ms together with intensities of the diagonal peaks obtained ;g ¢, req when the Lewis acidity of boron is diminished
at 0 ms are provided in the Supporting Information. A 5.4 hence more comparable to the strength of the organotin
rgpresfentatwe plot r?f the EXSY spectrum using a mixing ety Facile fluorine exchange processes were detected
time of 600 ms '? Sh own in Figure 9. < th by F—1%F 2D-EXSY spectroscopy. Both intramolecular

_ Examination of the rate matrices reveals that at mixing gy change between bridging and terminal fluorine atoms of
times greater than 300 ms the highest (fastest) exchange rateé§,e same molecule and intermolecular exchange processes
are those for the intramolecular fluoride exchange and for were observed. Intermolecular exchange was confirmed by
the intermolecular cross exchange between the terminal anqhe observation of cross-peaks between the two different
bridging fluorines, respectively, of different isomers. For boron-chiral diastereomers of compou®@F. Finally, the

. — 1 1
mstﬁnce, alrfm = 6?]() ms ave(rjage rqtesdof O'd33h§°r the observation of reversible redox processes for all complexes
exchange of iz with F were determined, and the rate for ., o\ gyggests that oxidation of the central iron atom may

exchange of F-A with F—B (0.33 s7) was found to be g exploited to further strengthen the fluoride binding through
similar to that for the exchange of,~A with Fbr__B, (0.29 . the formation of zwitterionic ferroceniufrborate com-
s ). However, cross-exchange between the bridging fluorine plexest216.26¢,64

of one isomer and the terminal fluorine of the second isomer

and vice versa was found to be considerably slow&b.{ Experimental Section
s1). These results support a two-step mechanism where an _
intramolecular fluoride exchange=> F,) is followed by Materials and General Methods. 18-crown-6 and KF were

purchased from Sigma Aldrich and dried under high vacuum for
24 h. CXCN and GDg (>99.7%) were obtained from Cambridge
Isotope Laboratories. The deuterated solvents were degassed via
several freezepump-thaw cycles and stored ov8 A molecular

— ] ] sieves. The compounds 1,2-Fc(SnkaB(BCIMe)2526 1,2-Fc-
(61) i]gesge;i’J;{SlLAgirs,S%'H., Bachmann, P.; Ernst, R1.RChem. Phys. (SMMeCI)(BMePh)?526 FcB(CI)Me?” and FcB(Me)PH were
(62) (a) Perrin, C. L.; Dwyer, T. JChem. Re. 199Q 90, 935-967. prepared according to literature procedures. All reactions and

Exchange spectroscopy (EXSY) has also been successfully applied manipuylations were carried out under an atmosphere of prepurified
to the elucidation of isomerization mechanisms for pentacoordinate
organotin species: (b) Jurkschat, K.; Tzschach, Alelyge, C.; Piret-

Meunier, J.; Van Meerssche, M.; Van Binst, G.; Wynants, C.; Gielen, (63) Dusemund, C.; Sandanayake, K. R. A. S.; ShinkaGi&m. Commun.

an intermolecular exchange & F; F,r <> Fyy) Or vice versa.
Electrochemical Studies.The presence of ferrocene as
the backbone for the bidentate Lewis acid complexes can

M.; Willem, R. Organometallics1988 7, 593-603. (c) Wynants, C.; 1995 333-334.
Van Binst, G.; Miegge, C.; Jurkschat, K.; Tzschach, A.; Pepermans, (64) Scheibitz, M.; Winter, R. F.; Bolte, M.; Lerner, H.-W.; Wagner, M.
H.; Gielen, M.; Willem, R.Organometallics1985 4, 1906-1909. Angew. Chem., Int. EQ003 42, 924-927.
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Table 4. Crystal Data and Structure Refinement Detailsle#F, 1-3F, 2-F, 2-2F, 3-2F, and4F

Boshra et al.

compound 1-2F 1-3F 2-F 2-2F 3-2F 4F
empirical formula QQH4QBC|F2- C29H4QBF3F8- C35HSABC|FFE- C35H54BF2F8- C46H74 BoF4Fe- C29H4;|_BFFE-
FeKO;Sn KO7Sn KO;Sn KO7Sn K2013 KOg
M 807.61 791.13 865.68 849.23 1122.57 610.38
T, K 100(2) 150(2) 100(2) 100(2) 100(2) K 100(2) K
A 1.54178 1.54178 1.54178 -1.54178 1.54178 1.54178
space group P2(1)h P2(1)h P2(1)h P1 Pna2(1) P2(1)lc
a, 10.3774(6) 10.3893(4) 8.63390(10) 8.2108(8) 30.9945(3) 8.5654(3)
b, A 17.6034(10) 17.4752(7) 29.1021(5) 14.6444(14) 8.45490(10) 15.0371(5)
¢ A 19.9566(11) 19.3552(7) 16.0961(3) 16.8450(15) 19.7835(2) 23.2270(7)
a, deg 90 90 90 84.698(7) 90 90
B, deg 103.200(2) 101.2170(10) 104.5610(10) 78.106(8) 90 98.132(2)
v, deg 90 90 90 80.765(7) 90 90
v, A3 3549.3(3) 3446.9(2) 3914.48(11) 1952.6(3) 5184.37(9) 2961.53(17)
z 4 4 4 2 4 4
Pcalo @ CNT3 1.511 1.525 1.469 1.444 1.438 1.369
w(Cu Ka), mm1 11.049 10.711 10.023 9.459 6.559 5.726
final Rindices R1=0.0304 R1=0.0282 R1=0.0321 R1= 0.0585 R1=0.0291 R1=0.0452
(1> 20(D)]*
wR2=0.0777 WR2=0.0722 WR2= 0.0827 wWR2= 0.1450 wWR2=0.0760 wWR2=0.1201
Rindices (all dated R1=0.0313 R1=0.0291 R1= 0.0336 R1=0.0697 R1= 0.0307 R1=0.0474
wR2=0.0783 wR2=0.0728 wR?2= 0.0836 WR?2=0.1553 wR?2=0.0770 wR2=0.1215

AR1= Y ||Fo| — |Fell/3|Fol; WR2 = { J[W(Fo? — F2)2/ 3 [W(Fed)?]} V2

nitrogen using either Schlenk techniques or an inert-atmosphereof ca. 1.8-3.7 s for different fluorine atoms) fa2-2F have been
glovebox (MBraun Glovebox Technology). Ether solvents were measured by inversion recovery experiméfiBhe interpulse delay
distilled from Na prior to use. Hydrocarbon and chlorinated solvents was varied from 125 ms to 16 s (8 data poinfg).values were
were purified using a solvent purification system (Innovative obtained from a nonlinear least-square fitting of an exponential
Technologies; alumina/copper columns for hydrocarbon solvents), curve to the peak heights. EXSY data sets were acquired using
and the chlorinated solvents were subsequently degassed via severahixing times ) of 0, 20, 50, 100, 180, 300, 500, 600, 800, and
freeze-pump—thaw cycles. Elemental analyses were performed by 1300 ms at a temperature of 26. One EXSY experiment at 1300
Quantitative Technologies, Inc., Whitehouse, NJ. ms was performed with a relaxation delay longer thaf)@ax
All 499.9 MHz 'H NMR, 125.7 MHz3C NMR, 470.36 MHz which did not significantly change the computed rate constants.
1% NMR, 186.4 MHz1Sn NMR, and 160.3 MHZB NMR Cross-peak integration was performed MestRe-C (version
spectra were recorded on a Varian INOVA NMR spectrometer 4.9.9.3); intensities were directly used, and rates were calculated
(Varian, Inc., Palo Alto, CA) equipped with a boron-free 5 mm usingMestRe-C EXSYCal€
dual broad band gradient probe (Nalorac, Varian, Inc., Martinez,  Cyclic Voltammetry. CV measurements were carried out on a
CA). *H and 3C NMR spectra were referenced internally to the BAS CV-50W analyzer. The three-electrode system consisted of a
solvent signals®F NMR, 119Sn, andB NMR spectra were Au disk as working electrode, a Pt wire as secondary electrode,
referenced externally ta,o’,a'-trifluorotoluene (0.05% in €D; and a Ag wire as the pseudo-reference electrode. The voltammo-
0 = —63.73), SnMg (6 = 0), and BR-Et,O (6 = 0) in CsDs, grams of the fluoride complexes were recorded in dichloromethane
respectively. Splittings of NMR signals are abbreviated as pst containing 0.1 M BuNPF; as the supporting electrolyte. Data were
(pseudo-triplet), dpst (doublet of pseudo-triplet), and nr (not acquired with ferrocene as an internal reference and are reported
resolved). relative to the ferrocene/ferrocenium couple. The voltammograms
2D proton and fluorine EXSY/NOES¥:65(NOESY = nuclear of 1 and2 were recorded im,a,o-trifluorotoluene containing 0.05
Overhauser effect spectrometry) measurements were obtained witiM BusN[B(CeFs)4]. Decamethylferrocene was used as an internal
the standard pulse sequence that was followed by ‘ap@fse reference and the potentials are given relative to the ferrocene/
flanked by two 5 G/cm gradients for dephasing any residual ferrocenium couple£{0.63 V vs decamethylferrocene).
transverse magnetization and suppressing potential artifacts, before Crystal Structure Determinations. X-ray data were collected
the relaxation delay. Spectra were recorded in the phase-sensitiveon a Bruker SMART APEX CCD diffractometer using CuoK
mode by employing the TPPI improveméntf the States (1.54178 A) radiation. Crystallographic data fb2F, 1-3F, 2-F,
Haberkorn-Ruben Hypercomplex methd&d. Typically, 256 t1 2-2F, 3-2F, and4-F and details of X-ray diffraction experiments
increments of 2000 complex data points over 5.0 kHz (proton) and and crystal structure refinements are given in TablSADABS!
11.3 kHz (fluorine) spectral widths were collected with 32 scans
per t1 increment, preceded by 16 or 32 dummy scans and a(65) Mach_Jr'T\, S.; Ernst, R. Rvol. Phys.198Q 41, 95-117.
relaxation delay of 2 s. Data sets were processed on a Sun I_3Iadé(g% g;‘:é;dbf‘i?ﬁaﬁ:ﬂf&i E?- A'\./:agabsﬁsgg}]ﬂfgﬁ?ﬁjs%‘ég‘éé
100 workstation (Sun Microsystems, Inc., Palo Alto, CA) using 48, 286-292.
the VNMRsoftware package (Varian, Inc., Palo Alto, CA). In order (68) Otting, G.; Widmer, H.; Wagner, G.; Whrich, K. J. Magn. Reson.
to decrease t1 ridges arising from the incorrect treatment of the 1986 66, 187-193. ,
first data point in the discreet Fourier transform (FT) algorithm, (9 Yé)é%' Zaé "éé\é\if‘é%g'zl S.; Klein, M. P.; Phelps, D..EChem. Phys.
the spectrum corresponding to the first t1 value was divided by 2 (70) (a) Gon:]ez’ J. C. (i.; Lopez, F. J. BlestRe-C version 4.9.9.3;
prior to FT along t158 Unshifted sine bell window functions were Universidade de Santiago de Compostela: Santiago de Compostela,
used in both dimensions. Data sets were zero-filled in the t1 \?ggig'nzg%eé(g-) ggr?tail;‘ég'c% éﬂo?;t})”ggtiffrﬂkéﬁ?@g;ﬁsgéﬁ
dimension yielding 1000< 1000 final matrices. For quantitative G MS i f !

¢ ! (71) Sheldrick, G. MSADABS, Multi-Scan Absorption Correction Program,
19 NMR EXSY measurements, relaxation deldygin the range version 2; University of Gtlingen: Gitingen, Germany, 2001.
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absorption correction was applied in all cases. Structures were4.03 (dd,J =1 Hz, 2 Hz, 1 H, Cp-H), 3.64 (m, 4 H, THF), 3.57
solved using direct methods and completed by subsequent differences, 24 H, 18-crown-6), 1.80 (m, 4 H, THF), 0.58 (&,(*17/11%n,
Fourier syntheses and refined by full-matrix least-squares proceduresH) = 69 Hz, individual couplings nr, 3 H, SriMe), 0.29 (m,2J

on F2. All non-hydrogen atoms were refined with anisotropic

(11711%5n, H) = 64 Hz, individual couplings nr, 3 H, SrMe),

displacement coefficients. The H atoms were placed at calculated—0.24 (pst,2J(*°F, H) = 12 Hz, 3 H, B-Me). CV (100 mV/s, vs
positions and were refined as riding atoms. The coordinated THF Fc/Fc™ couple): Ey, = —0.35 V (AE, = 105 mV). Anal. Calcd

in 1-2F is disordered. It was split over two positions and refined
anisotropically. The occupancy factors for the major domain site
refined to 0.525. The crystal f@-2F was found to be a pseudo-
merohedral twin, with a ratio of 0.725:0.275(4). The two hydrogens
for the cocrystallized water molecule were placed in calculated
positions (0.88 A) in the direction of a boron-bound fluorine of
each of the two independent main molecules (i.e., F2 and F4). All
software and source scattering factors are contained Bkt XTL
program packag®.Crystallographic data for the structuresle®F,
1-3F, 2-F, 2-2F, 3-2F, and 4-F have been deposited with the

for CogHaoB1FsFeK10;Sny (791.15): C, 44.03; H, 6.24. Found:
C, 44.10; H, 6.18.

Treatment of Fc(BMePh)(SnMeCl) with 1.0 equiv KF:
Synthesis of [K(18-crown-6)THF]" [Fc(BMePh)(SnMeCIl)F] -
(2-F). A solution of2 (104 mg; 0.221 mmol) in 2 mL of THF was
added dropwise to a mixture of KF (13 mg; 0.22 mmol) and 18-
crown-6 (59.5 mg; 0.225 mmol) in 2 mL of THF while stirring.
With the use of a procedure similar to that for the preparation of
1-2F, the product was obtained as light orange crystals. Yield: 135
mg (0.156 mmol; 71%)1°Sn {*H} NMR (186.4 MHz, CRQCN,

Cambridge Crystallographic Data Center as supplementary publica-25°C): ¢ = 27.7 (d,J (195n—19F) = 344 Hz), 25.7 (d, (15—

tion nos. CCDC 660440660445. Copies of the data can be
obtained free of charge on application to the CCDC, 12 Union Road,
Cambridge CB21EZ, U.K. (fax, %44)1223-336-033; e-mail,
deposit@ccdc.cam.ac.uk).

Treatment of Fc(BMeCl)(SnMe,Cl) with 1.7 equiv KF.
Synthesis of [K(18-crown-6)THF]" [Fc(BMeF)(SnMeCI)F] ~ (1-
2F). A solution of 1 (25.0 mg; 0.058 mmol) in 2 mL of THF was
added dropwise to a mixture of KF (6.0 mg; 0.10 mmol) and 18-
crown-6 (14 mg; 0.053 mmol) in 2 mL of THF while stirring. The
reaction mixture was stirred at r.t. for 48 h followed by the removal
of the solvent. The residue was washed first with 2 mL of hexanes
and then with 2x 1 mL of dry ether and redissolved in a 1:3
mixture of THF/ether. The mixture was kept-aB6 °C for 48 h.
Light orange crystals were collected and dried under vacuum.
Yield: 27 mg (0.033 mmol; 66%}1°Sn{H} NMR (186.4 MHz,
CDsCN, conc. 4.85 mM, 25C): 6 = 42.5 (dd,J (*1°Sn—19F) =
154 Hz,J (*°Sn—1%F,; ) = 99 Hz);°F {1H} NMR (470.36 MHz,
CDsCN, conc. 4.85 mM, 28C): 6 = —133.3 (br, F),—134.4 (br,

F); B {*H} NMR (160.3 MHz, CRCN, conc. 4.85 mM, 25C):

0 = 10.5 vz = 200 Hz);*H NMR (500 MHz, CDQCN, conc.
4.85 mM, 25°C): 6 = 4.20 (br, 1 H, Cp-H), 4.14 (br, 1 H, Cp-

H), 4.10 (br, 1 H, Cp-H), 4.05 (s, 5 H, GH), 3.64 (m, 4 H, THF),
3.57 (s, 24 H, 18-crown-6), 1.80 (m, 4 H, THF), 0.76 (B3,
(11711%5n, H)= 68 Hz, 3 H, SA-Me), 0.46 (br2J (11711%n, H)=

63 Hz, 3 H, Sa-Me), —0.23 (pst2J(*°F, H) = 12 Hz, 3 H, B-Me).

CV (100 mV/s, vs Fc/Ft couple): Ey, = —0.37 V (AE, = 92
mV). Anal. Calcd for GgH4oB1Cl;F,FeK;0;Sn (807.61): C,
43.13; H, 6.12. Found: C, 43.14; H, 5.93.

Treatment of Fc(BMeCl)(SnMeCl) with Excess KF: Syn-
thesis of [K(18-crown-6)THF]" [Fc(BMeF)(SnMeF)F]~ (1-3F).

A solution of1 (50.0 mg; 0.11 mmol) in 2 mL of THF was added
dropwise to a mixture of KF (27.7 mg; 0.48 mmol) and 18-crown-6
(32.3 mg; 0.122 mmol) in 2 mL of THF while stirring. With the
use of a procedure similar to that for the preparatioi-@fF, the
product was obtained as light orange crystals. Yield: 60 mg (0.076
mmol; 65%).11°Sn {*H} NMR (186.4 MHz, CQCN, conc. 5.8
mM, 25°C): & = 46.2 (ddd,}J (**Sn—19F) = 2064 Hz,J (}1*-
Sn—19F) = 152 Hz,J (M°Sn—1°F, ) = 93 Hz); °F {H} NMR
(470.36 MHz, CRCN, conc. 5.8 mM, 25C): 6 = —133.7 (br,

F), —135.3 (br, F);—189.3 (pst/m2J(**F—1%F) = 19.3 Hz,XJ (*F—
1711%n) = 2023 Hz, individual couplings nr, 5 B {1H} NMR
(160.3 MHz, CBCN, conc. 5.8 mM, 25C): 6 = 9.9 (v, = 230
Hz); "H NMR (500 MHz, CCN, conc. 5.8 mM, 25C): 6 =
4,19 (m, 1 H, Cp-H), 4.09 (br, 1 H, Cp-H), 4.04 (s, 5 H, Cp-H),

(72) Sheldrick, G. MSHELXTL version 6.14; Bruker AXS, Inc.: Madison,
WI, 2004.

19F) = 365 Hz);'%F {*H} NMR (470.36 MHz, CQCN, 25°C): ¢
—168 (br),—171 (br); 1B {H} NMR (160.3 MHz, CRCN,
25°C): 0 = 5.9 (w2 = 300 Hz);'H NMR (500 MHz, CD,CN,
25°C): 6 = 7.49 (d,J = 7.0 Hz, 2 H, Ph-H,), 7.20 (d,J = 7.0
Hz, 2 H, PR-H,), 7.16 (pstJ = 7.5 Hz, 2 H, Ph-H,;), 6.98 (pst,
J=7.0Hz, 2 H, Ph-Hy,), 6.95 (overlapped, 1 H, PfH,), 6.83 (t,
J=17.0 Hz, 1 H, Ph-H,), 4.20 (m, 1 H, Cp-H), 4.18 (br, 2 H,
Cp—H), 4.14 (overlapped, 5 H, CpH), 4.13 (overlapped, 1 H,
Cp—H), 4.11 (br, 1 H, Cp-H), 4.10 (br, 1 H, Cp-H), 3.64 (m, 8
H, THF), 3.57 (s, 48 H, 18-crown-6), 3.56 (s, 5 H, €d), 1.80
(m, 8 H, THF), 0.85 (d/ddBJ(*°F, H) = 4.5 Hz,2] (}1711%5n, H)=
69/72 Hz, 3 H, SaMe), 0.82 (d/dd,2J(*°F, H) = 4.0 Hz, 2]
(1171195, H)= 68/71 Hz, 3 H, SrrMe), 0.52 (d/dd3J(*%F, H) =
3.5 Hz,2) (11711%n, H) = 62/65 Hz, 3 H, Sr-Me), 0.37 (d/dd,
3J(*F, H) = 3.0 Hz,2] (1*"11%n, H)= 63/66 Hz, 3 H, Sr-Me),
0.16 (d,3J (*°F, H) = 17 Hz, 3 H, B-Me), —0.21 (d,2J(*°F, H) =
16 Hz, 3 H, B-Me). CV (100 mV/s, vs Fc/Ft couple): Eyp =
—0.45V (AE, = 98 mV). Anal. Calcd for GsHs4B1Cl1F,FelK,07-
Sn (865.71): C, 48.56; H, 6.29. Found: C, 48.48; H, 6.21.
Treatment of Fc(BMePh)(SnMeCl) with Excess KF: Syn-
thesis of [K(18-crown-6)THF]" [Fc(BMePh)(SnMeF)F]~ (2-2F).
A solution of2 (100 mg; 0.212 mmol) in 2 mL of THF was added
dropwise to a mixture of KF (37 mg; 0.64 mmol) and 18-crown-6
(57.0 mg; 0.216 mmol) in 2 mL of THF while stirring. With the
use of a procedure similar to that for the preparatiod-@F, the
product was obtained as light orange crystals. Yield: 105 mg (0.135
mmol; 64%).119Sn{1H} NMR (186.4 MHz, CRCN, 25°C): 6 =
30.8 (dd,%J (*19Sn—19F) = 2038 Hz,J (*19Sn—1%F,) = 342 Hz),
26.6 (dd,XJ (11°Sn—1°F) = 2046 Hz,J (A19Sn—1°F,) = 372 Hz);
19F {1H} NMR (470.36 MHz, CCN, 25°C): 6 = —169.8 (br,
Fo), —171.6 (br, k), —183.5 (d/pst,J (1F—119118n) = 2049,
1951 Hz,2J(*F—19F) = 51.7 Hz, K), —184.2 (d/pst,.J (*F—
19118 n) = 2040/1950 Hz2J(*F—1%F) = 51.7 Hz, R); 1B {1H}
NMR (160.3 MHz, CCN, 25°C): ¢ = 6.3 (wy, = 190 Hz);H
NMR (500 MHz, CCN, 25°C): 6 = 7.49 (d,J = 6.5 Hz, 2 H,
Ph—H,), 7.21 (d,J = 6.5 Hz, 2 H, PR-H,), 7.16 (pstJ = 7.5 Hz,
2 H, Ph-Hy), 6.97 (pst,J = 7.5 Hz, 2 H, PhH,;), 6.96
(overlapped, 1 H, PRH,), 6.82 (t,J= 7.5 Hz, 1 H, Ph-H,), 4.19
(m, 1 H, Cp-H), 4.15 (overlapped, 2 H, CH), 4.15 (overlapped,
5 H, Cp—H), 4.10 (br, 1 H, Cp-H), 4.02 (br, 1 H, Cp-H), 3.99
(br, 1 H, Cp-H), 3.64 (m, 8 H, THF), 3.57 (s, 48 H, 18-crown-6),
3.54 (s, 5 H, Cp-H), 1.80 (m, 8 H, THF), 0.65 (pst/dpst)(*°F,
H) = 4.0 Hz,2J (11711%n, H)= 69/72 Hz, 3 H, SArMe), 0.62
(pst/dpst 2I(*9F, H) = 4.0 Hz,2J (11711%n, H)= 68/71 Hz, 3 H,
Sn—Me), 0.33 (pst/dpst3J(1°F, H) = 3.5 Hz,2] (117115, H) =
63/66 Hz, 3 H, Sa-Me), 0.19 (pst/dpst3J(*°F, H) = 3.5 Hz,2]

Inorganic Chemistry, Vol. 46, No. 24, 2007 10185



(1711850, H)= nr, 3 H, Sn-Me), 0.14 (d,3J(*°F, H) = 16.5 Hz,
3 H, B—Me), —0.23 (d,3J(*°F, H) = 16.5 Hz, 3 H, B-Me). CV
(100 mV/s, vs Fc/Ft couple): Ey, = —0.50 V (AE, = 112 mV).
Anal. Calcd for GiHaeB1FFeK10sSn (777.15): C, 47.91; H, 5.97.
Found: C, 47.95; H, 5.89.

Treatment of Fc(BMeCl) with Excess KF: Synthesis of
[K(18-crown-6)]* [Fc(BMeF)F]~ (3-2F). A solution of 3 (77.0

mg; 0.313 mmol) in 2 mL of THF was added dropwise to a mixture
of KF (54.0 mg; 0.93 mmol) and 18-crown-6 (82.6 mg; 0.313
mmol) in 2 mL of THF while stirring. With the use of a procedure
similar to that for the preparation @f2F, the product was obtained

as a microcrystalline light orange solid. Yield: 100 mg (0.181
mmol; 58%). Single crystals for X-ray diffraction were obtained

by the slow evaporation of a solution of the product in CH/
hexanes1F {H} NMR (470.36 MHz, CRCN, 25°C): 6 =
—142.4 (qrt,d (*°F, B = 76 Hz); B {*H} NMR (160.3 MHz,
CDsCN, 25°C): 0 = 8.1 (t,J (*'B—19F) = 76 Hz,wy, = 160
Hz); *H NMR (500 MHz, CDB,CN, 25°C): 6 = 3.96 (s, 5 H, Cp-
H), 3.88 (overlapped, 4 H, CgH), 3.57 (s, 24 H, 18-crown-6),
—0.28 (pst,3J(*F, H) = 11 Hz, 3 H, B-Me).

Treatment of Fc(BMePh) with Excess KF: Synthesis of
[K(18-crown-6)]* [Fc(BMePh)F]~ (4-F). A solution of 4

(14.7 mg; 0.051 mmol) in 2 mL of THF was added dropwise to a
mixture of KF (4.3 mg; 0.074 mmol) and 18-crown-6 (16.4 mg;
0.061 mmol) in 2 mL of THF while stirring. With the use of a

procedure similar to that for the preparationlefF, the product

Boshra et al.

51%).29 {1H} NMR (470.36 MHz, CQCN, 25°C): 6 = —189.0
(qrt, J (MB—1F = 71 Hz); 1B {*H} NMR (160.3 MHz, CQCN,
25°C): 6 = 2.4 (d, % (MB—1%F) = 71 Hz,wy;, = 140 Hz);H
NMR (500 MHz, CQCN, 25°C): 6 = 7.38 (d,J = 7.0 Hz, 2 H,
Ph—H,), 7.01 (pstJ = 7.5 Hz, 2 H, Ph-Hy), 6.83 (t,J = 7.0 Hz,
1 H, Ph—Hy), 3.92 (s, 5 H, CpH), 3.83 (overlapped, 4 H, Cp
H), 3.57 (s, 24 H, 18-crown-6);0.04 (pst2J(*%F, H) = 14 Hz, 3
H, B—Me).
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was obtained as light orange crystals. Yield: 16 mg (0.026 mmol; 1C7013754
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